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Th~ CO:npO:3lte cor,figurarlO:1 
is an unbalanced sandwich corr.posite. The term unbalanced 
that the facesheets are each made cf two differen::. 
materials . In this case , the composite consists of Titanium 
6AL - 4V and glass reinforced plastic (GRP) facesheets and a 
p henolic, Nomex fiber reinforced honeycomb core. 
It is well known tha'C l ow-velocity impacts on co:nposites 
can cause sign i fica:l.t daw.age. Such damage can be hardl y 
detectable by visual examination, but can cause considerable 
reductions in the strength and stiffness o f the materials . 
This study consists of a two - pronged investigatior, o f the 
effec t of impact damage on the buckling stabi lity of the 
unbalanced sandwich composite. The first po~tion of the 
experimental procedure involves subjecting tl'.e ccmposit e , 
while in simply supported beam configuration, to a lew· 
velocity impact using a mass-slider mechanism. Afte:::- impact 
the sandwich column is subjected to an edgewise compressive 
load and tested for buckling s tability in the same manne:::- as 
was done in Ref. 1. 
The primary focus of this study is to predict the 
force/energy required to cause core damage due to a low-
velocity impact; develop a quantitative and/or qualitative 
correlation between impact parameters and resulting 
compressive load carrying strength; determine if the response 
af the composite is the same for an equivalent static force 
application; observe differences in sample responses due to 
loading on different skin sides and determi ne the fai l ure 
loads which will cause buckling instability once the core has 
been damaged. The composite samples were impacted and 
statically loaded on both the GRP and titanium sides. 
Differences in specimen response and subsequent properties 
were analyzed. Secondary objectives of this study are 
investigation of other. damage mechanisms possible; acquisition 
of component response data for use in future modeling efforts; 
and refining of the experimental techniques required for 
future impact testing of composites. 
I I . BACKGROUND 
Reviewing the researc.'1 literature, it lS noted rho.': a 
la::-:;e and increa~l1ng a!Jlouet of effort ~s be=-ng devoteri :Le 
~:r:9act reSDCl'.se 0: C'omr:csites. Ylost of Li:e st')d~~s 
fcc.l",ed 0:1 :'a:nir.ace C'orrpos=-tes, :Cut a C'onsid""rable 
ir.volvPC'l sandwict: co:nf:osites. To the author's 
however, eo: :nany studies have been :ocusec. on u!lba:anc""d 
sandwic.'1 COll".posites. 
Although IJ-tt:'e has been done wJ-,:h .lnbala::1ced sandwic:-: 
plat0s/o'Cams, a lJ-tera'::.'Jre SUrvEY of curreEt :r:clevant re;o;earch 
flndJ-ngs is sum.'1'.ar~zed bel 0·"'" . Most: at lnfon:>at.lon 
r:e:::'::aJ-llS to experJ-rre:1ts conducted on lamJ-nate and halancC"d 
sar.dwlch r'or:rr:>")sites, but many of t:'1e results are app:i:dl:::e 
for this paper. KJ-m and Jun [Ref. 2] found that for low sp",,,,d 
l'1'.pact the damage of a composite plate is usually lnvislble t::> 
the naked eye and spread over a large reg::.on ::'nside the p1 at.e. 
A por;::ion of the appl:..ed impact energy J-S converted :..nl:o 
e:astic deformation and the remaining par::. is absorbed by the 
specimen to result in permanent deformation and da.'1lage such as 
matr~x cracking, delamination, fiber breakage and fiber matrix 
debonding. With sandwich composJ-tes, add:;.;::ional damage to the 
core, such as core crushing and shear deformation, can 
since sandwich stL"'.lctures have the additional energy absorblng 
mechanis:n, core deformation, the facesheet:s of sandwich plates 
have smaller delamination areas than laminates. It is also 
quite possible that the core can be damaged with no 
delamination area present on the facesheets. The damage modes 
occurring for sandwich panels depends on the material 
properties of the components, the thicknesses of cores and 
facesheets, and facesheet·core interfaces. It was found that 
Nornex honeycomb specimens appear to have a damage threshold 
below which there is no facesheet damage but there is core 
damage. 
In the work done by Nemes and Simmonds [Ref. 3] it was 
noted impact force is a function of many parameters including 
dimensions of the plate, flexural properties, dimensions of 
the impactor and local contact stiffness of the plate. When 
peak displacements greater than l/lOOth of the facesheet 
thickness in sandwich composites containing a 
lightweight core, the contact deformations of such composites 
are dominated by the deformation of the core, rather than 
deformation of the face plates. Since the deformations 
occurring in the core beneath the point of contact are large, 
the portion of the total defonnation due to transverse shear 
defonnation of the core is quite significant. Nonnal stresses 
that exist in the contact region are predominantly 
compressive, therefore, core shear failure is postulated to 
occur due to the transverse shear stresses that exist. 
Lee, Huang and Fann [Ref. 4] found that because of the 
response of the core, the impacted face of a sandwich 
composite behaves dif.ferently from the opposite one. The 
transverse deflection of the cross section of the sandwich 
, plate is not the same throughout the thickness. The 
transverse deflections of the two facesheets are different 
under concentrated static or dynamic load. The core transmits 
transverse shear as well as transverse normal deformations. 
For points far away from the impacted paint, dynamic responses 
are dominated mainly by the bending effect of the whole 
sandwich plate. It was also found that the contact force 
caused by the impactor is proportional to the impact velocity, 
but the duration of contact is insensitive to it. A heavier 
impactor mass will int;:rease the impact force as .... ell as the 
contact time. 
From the paper by Sorblom, Hartnesa and Cordell [Ref 5.J 
the conclusion can be made that the impact force history is a 
more relevant measure of a material's characteristics than is 
the total kinetic energy of the impactor. The response of a 
structure depends on geometry, material and velocity of both 
the impactor and a target portion of the structure. The term 
low~velocity means an impact velocity low enough to neglect 
the inertia effect of the response of the structure. 
Furthennore, since so many variables affect the composite's 
response it is safe to conclude that impact test results will, 
at best, be difficult to relate to the basic material 
properties. 
Kelkar, Craft and Sandhu [Ref. 6J quantified impact 
velocities into three velocity domains: 
(a) High velocity or ballistic impact where the velocity 
v;;:. 1500 ft/sec or (457.2 m/sec) 
(b) Intermediate velocity impact (40 ft/sec 
ft/sec) or (12.19 m/sec <: v <: 457.2 m/sec) 
<: 1500 
(cl Low velocity impact (v <: 40 ft/sec) or (v <: 12.19 
m/secl 
Based on the mass of the sliding-mass impactor used in this 
experiment (6.85 kg or 15.1 lb.), the impactor energy range 
corresponding to a low velocity impact can be considered as o~ 
506 Joules (0-373 ft-lb). It would be more appropriate to 
classify the impact based on the impact energy level because 
the impact depends on both the mass of the impactor and its 
velocity. 
III. EXPERIMENTAL PROCEDURES 
This section provides a detailed description and 
illustrations of the experimental apparatus and procedures 
used in conducting the testing part of this study. 
A. APPARATO'S 
All tests were conducted at the Naval Postgraduate School, 
Monterey, California, in an ambient temperature of 18.0 0 ± 
2.0 0 C with an average relative humidity equal to 40%" ± 6%. 
All impact and static bending tests, as well as, axially 
loaded compressive tests were performed on samples of an 
unbalanced, sandwich construction consisting of Titanium 6Al-
4V and glass reinforced plastic (GRP) facesheets and a 
phenolic resin, Nomex fiber reinforced honeycomb core. 
Nominal dimensions for each specimen tested were as follows: 
length .. 0.3058 m (12.0 in.), width = 0.06985 m (2.75 :n.J, 
thickness = 0.02997 m (1.18 in.l. The titanium faceshe"t had 
a nominal thickness of 0.00254 m (0.1 in.) and the GRP 
face sheet had a nominal thickness of 0.00203 m (0.08 in.). 
The core thickness was 0.0254 m (1.0 in.). Material 
properties of the given composite components are listed in 
Table I. 
For each impact test a sliding-mass impact mechanism as 
illustrated in Figure 1 was used. The mass of the impactor 
was 56.7 kg (125 lbs.). The drop height varied from 0.0127 m 
(0.5 in) to 0.1016 m (4.0 in.). Impact velocities ranged fr-om 
0.5 m/s (1.67 ft/s) to 1.412 m/s {4.632 ft/s}. Impactor 
potential energies varied from 7.06 J (5.21 ft-lbs) to 56.51 
J (41.67 ft-lbs). 
TABLE I. MATERIAL PROPERTIES OF SANDWICH COMPONENTS 
Titanium 
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~igure 1. sliding-Mass Impact Mec::J.anism 
A f::.xc".t:::e was designed to h.old the compos::'te beam i:1. a 
si:n:91y supported configuration. The fixture prevented both 
:'ateral and vertical motion of the speCimen dur::'ng impact. 
:::ach samp:"e was posi':.ioned underneath the impac"tor so as to 
ensure the impact force occurred at the cente::: of the beam. 
The fixture was then solidly attached to the mechanism 
baseplate. Since the impactor head ' .... as of a cylindrica':' 
shape, a thin str::'p of brass, 0.069 m x 0.15 m x 0.003 :ll, 
(2.75 in x 0.6 in x o. :25 in) was secured to the center of the 
impacted facesheet to spread out the contact load over the 
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width of the beam. This was done in order to cause the impact 
to be more representative of a two-dimensional nature rather 
than three~dimensional. 
The actual impactor, attached to the sliding plate, was 
a PCB Impact Force Transducer {Model # 200A04 or Model # 
200A05} capable of measuring peak impact forces of 4488.2 N 
(1000 lbs.) and 22,241 N (5000 lbs.), respectively. The 
sliding mass was also equipped with a PCB accelerometer (Model 
# 302B02) to measure changes in acceleration of the impactor. 
Each composite sample was instrumented with five CEA-06-250UN-
350 precision strain gages, gage factor 2.100 + 0.5%. The 
number of gages was limited to five for the impact test since 
the bridge amplifier only had five channels available. As 
shown in Figure 2, two strain gages were placed at the quarter 
length paints an the impacted facesheet and three strain gages 
were placed an the apposite side. Twa were placed at the 
quarter length paints and one at the center. One of the 
samples used in a static bending test was instrumented with 
nine strain gages in order to mare accurately measure the 
strain response of the beam under load. In this case, strain 
gages were place at two inch increments on the backside and at 
two inch increments with the center position vacant on the 
loaded side. For impact tests, the strain gages were 
connected to a Ectron amplifier bridge (Model # ESl3-6A-M997) . 
Figure 3 is an illustration of the composite beam sample in 










Stra::'n Gage Placement 
~~ 
I ·c.cor "co. 
d~r:lrCi? -
Figure 3. sample Impact Canfigurat:'on 
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'11.:]"1 tal ::::0mput.er b03.:::d and a computer w1th a dala dCqU..c~l'=lQ::J 
progra..."!'_ sa:npled each channel d;.;:r':r::.g the experinents. Ou>-puts 
ir::.stru[I'(';:1t cOl..ld also dlspldyed 
:'0 ,:o""lpu:er program llm'::at::.,::::ns 
uf ea::::h ::::ha:1r_e~ .... ' 'is J lmlted to 350C ;.{z whe:: scl.fi'~ In'] 
::::han:-_e~s , 
eX-r:;erlmenta:: lJll, lnd::.::::ated tf13t Ci sample :::r:,,=c::ue::1cy 
::he :-es'Jl ts from tr_e low-velocity lmpac:. 
:ixLlre 'Jsed in the ':npact tests was en'pLJyed 
·,.,rith tr_e tv:TS material testlng IT'.achir::.e. The MTS :nacILL!:l'= 
provlded readings and a force·dlsp::'acemenl prlnt-out tor :::r_e 
applied contact force and a measurement of the displacemecr of 
LLe sample. Strain gage outputs were rea::l. manually as WciS 
:..n the ax:..ally compressive load tests, Additionally, 
~clch SCl-mple was instrillTlented iT'_ tl-_e exact sarr,e mar_ner witn 
five strain gages. The only difference be':ng that the _oad 
was applied to the cer.ter of each beam in a slow, con::rclled 
mallYler instead of being i!1lparted by a free-falling mass. 
For the compressive buckl1.ng portion of tl-.1S experiment 
the same conflg'Jration as used by Murp:'1Y [Ref, 1] was used, 
An aX1.a:::' compressive load was applied using the Rlehle 
Material testlng mach1.ne, with a capacity of ';33,784 Newtons 
13 
T:~.e sam17les ',..,ere mOUD(ed 
~LolLhl:'J could be applied 
colcula~pci, 
la~s, to be uppIox=-ma::e~y 
the 
14 
the f:-xture :;30 
load:-r.g 
F':'g1.:re 4 C::mpressive Failurec Test: ?ixt:.;ore 
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B • PROCEDURES 
The firs::: procedure pe:::-formed on each specimen prior to 
:::I'_e axially compressive loading test was the applicatio n of 
either a dyna~ic or static point load. Each contact l oad was 
applied to the center of t:"1e composite beam i.n a si:'.1p l y 
supported configuration. For the impact tests, the sample was 
posi tioned to er.sure the impactor would strike the center of 
t112 beam. The height of the force transducer for each drop 
was ca:::-efully set using pre-cut blocks used as measurement 
standa rds. The sliding-mass mechanism was configured to a l low 
the impactor mass to slide Ereely down the guide rods aEter 
release. 
Each of the seven instruments on the impactor and sample 
was assigned a data acquisition channel on :::he computer . 
Since t:"1e time Erom impactor release to impact with the beam 
was very short, the computer was triggered to begin a cq;..liring 
data immediately after release. One second of data was taken 
at sampling frequencies of 1600 Hz or 2 500 Hz for e a ch 
chan nel . This ensured a complete picture of the impact event 
was captured. None of the signals were filtered. 
Once the impact signals we re recorded a simple computer 
routine converted the voltages in the appropriate physical 
parameters of pounds, g units and microstrain. Af ter the 
vol tage to force conversions we re made, the force versus time 
information was then used to determine the acc e leratior., 
energy, veloc ity and distance versus time information. Simple 
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algorithms, based on the same ones used by Crane and J',"ska 
(Ref 7.J, were used as follows. 
The force recorded by the impact force transducer is the 
total contact force imparted on the composite beam (rr.ass times 
the ac:;eleration 8f t1'.e irr,pactor). The ac·:::ele.::atlor. 0: L'1e 
impact::>r is obtained ~rom Newton's second law: 
mg (1\ 
',,,1'.ere F lS the force :neasured fror:l the trar.sd\.-cer and mg 
t!ie force due to gravity of the impactor. 
=0 eq',"ation (:), the only unknown is the acceleration, a, 
of the impacter. By rearranging equatlon {lj, the 
acceleratior. can be solved for as 
a " g - {F / ml (2 1 
or substituting in the weight of the sliding mass, w, equatlon 
(2) becomes 
a " (l - (F / w)) x g 131 
Using equation (3), the acceleration of the impactor is 
determined each time the impactor contact force is measured. 
For this study, the force is sampled every 0.0004 or 0.000625 
seconds. 
The initial velocity of the impactor at the instant before 
it strikes the composite can be easily calculated from the 
simple formula 
v " (2gh)0.5 (4) 
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average acceleration during the sampling time interval, ti and 
ti_l. The velocity, then, is given by 
vi"" Viol + {( ai + ai_l) 12) x at (5) 
where lit is the time interval between data points. 
The displacement of the composite during each time 
interval can be determined from the velocities. The 
displacement is calculated by taking the average velocity 
multiplied by the time increment added to the previous 
displacement and is given as 
Xi = xi_l + «vi + vi_l)) I 2) x lit (6) 
MATLAB was used to execute the conversion algoritl:u'n and 
produce the plots of the signal outputs. 
For the static three-point bending tests, the samples were 
placed in the simply supporting fixture and positioned in the 
MTS machine to ensure loading at the center of the beam. The 
load was applied in 222.4 N (50 lbf.) increments. At each 
increment the deflection at the center as well as the reading 
for each strain gage was recorded_ Loading was increased 
until the deformation rate of the specimen exceeded the 
loading rate of the MTS machine. Failure, due to core 
crimping and shearing, occurred prior to this point. In one 
case the loading rate was increased so as to cause more damage 
to the core and observe the effect on the subsequent 
compressive failure load_ Readings of deflection and strain 
were also taken after the beam was unloaded_ 
" 
For the compressive load failure tests each specimen was 
placed in the fixture with shims to ensure the line of loading 
would be on the neutral axis. The specimen ends were held 
securely in the fixtures, but the fixtures themselves were 
still free to rotate to ensure a simply supported 
configuration was maintained. After the samples were placed 
in the fixture and the machine adjusted to be ready to begin 
applying a compressive load, strain gages were balanced out 
and initial length and center deflection readings were taken. 
The compressive load was then applied, initially, in 2224.1 N 
(500 lbf.) increments. At each increment the force applied, 
strain gage output, amount of deflection and change of axial 
length were recorded. As the loading approached the failure 
limit the increments were decreased to 444.8 N (100 lbf.) or 
889.6 N (200 lbf.) between readings. In each case in which 
the core had been damaged during either the impact or static 
test, failure was manifested by core crimping/shearing. In 
the case which the core was not previously damaged, core 
crimping/shear and column buckling occurred virtually 
simultaneously. 
,. 
IV. EXPERIHENTAL RESULTS 
This section presents the results as obtained from the 
individual experiments. While some description of the results 
is provided, a more detailed explanation and physical 
interpretation of the results are given in the next chapter. 
Similar data was taken for all three types of tests, impact, 
static and compressive loadings. For the impact tests all 
data readings were automated, but for the static and axial 
compressive tests the readings were obtained manually. In 
order to ensure consistency in recording loading responses, 
samples were instrumented as uniformly as possible with strain 
gages in the same relative positions, the same force 
transducer used for every impact and the same procedures were 
employed for each separate test. Results are presented 
graphically and in tabular form. Where necessary similar 
outputs are presented together to allow for direct comparison. 
A. IMPACT RESULTS 
For each impact test the following one second of data was 
recorded: output for five strain gages, a force transducer 
and an accelerometer. After the output voltages were 
converted to more readily usable signals, the complete impact 
event was plotted on a hardcopy printout and an output table 
could be produced. Table II provides a summary of all impacts 
20 
performed and lists some key features of each drop test. 
Figures 5 and 6 are the force plots for impacts from 
0.0254 m (1 in. ) on the GRP and titanium facesheets, 
respectively. The relatively smooth curve produced by the 
force indicates that no damage occurred in the sample. 
Figures 7 and 8 are the force plots for impacts from 0.0381 m 
(loS in.) on the GRP and titanium sides, respectively. The 
sudden change in the force output indicates that failure in 
the sample has occurred. In this study failure always 
resul ted from damage to the core in the form of core 
crimping/shearing. The results from drop heights of 0.0508 m 
(2 in.) are similar. Figures 9 and 10 represent impacts on 
the corresponding GRP and titanium facesheets, respectively. 
Before damage is initiated in the core, the magnitude of 
peak force increases and the contact time of impact lengthens 
for higher drop heights. Once damage occurs in the core, the 
contact time continues to greatly increase for higher drop 
heights, but the magnitude of the peak force remains almost 
constant. For the GRP side impact from 0.1016 m (4 in.) the 
peak force actually less than the resulting force for GRP side 
impact from 0.0254 m (I in.). Due to the higher initial 
velocity of the impactor, more energy is imparted to the 
composite in a shorter period of time. This results in a 
earlier failure of the core, or loss of beam stiffness, and 
therefore the magnitude of the force applied by the composite 
on the force transducer is smaller. 
21 
Peak force values .as well as the durations of impact are 
functions of the stiffness of the impacted sandwich beam. 
These values depend on the global beam stiffness, the 
stiffness of the face sheet impacted, sample geometry and mass 
of impactor. In all cases, except for the drop from 0.0127 m, 
the peak farce is greater and the contact time is shorter for 
impacts on the GRP side. Figures 11 and 12 clearly show that 
up until failure occurs the force response is very nearly the 
same for each side impacted. Failure occurs at a lower force 
level for titanium side impact. After failure occurs the 
titanium impact force signal is basically the same shape as 
that for GRP impact, but the plateau for the titanium impact 
force lasts a slightly longer period. 
22 
TABLE II. S~.ARY OF IMPACT TESTS 
Impact Peak Contact Energy Damage 
Side Time (s) Imparted Location' 
(N) ;J) 
GRF 2860 0.0360 5.89 
; 
Ti 3132 O. C332 4.41 
3825 0.8332 10.17 
Ti 3545 0.0356 10.96 
C. C381 GR? 3874 0.0492 21. 58 2/6 
0.0381 Ti 3496 0.0548 19.81 2/6 
0508 GRP 3950 0.0570 31.20 3/4 
0.0508 Ti 3514 0.0706 30.52 2/6 
0.1016 3608 0.1112 65.0 3;4 
Damage location 's based on strain gage location. 









Contact Time .. 0.0332 s 
.500J;--0"".0"'0l,-----,;O.'"Ol----;,-0.0'"1'''. --'0.""02;---';-0."'02.."' --'0"'.0''-, -00"".IJ3"'--'0".04· 
Time (sec) 
Figure 5. Force plot for Impact on GRP From 0.0254 m 
~oo __ ------_--__________ _ 
3500! (~"".35<L5N 
3000~ - - - .,-~ 
"oo~,.! ." 
Z I " 
IZOOOi ! - \ ~ t500~ ---
lOooL---I Conme! TlIIle "" o.m.~§ s \ 
50:yf \ 
0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 
Tunc (sec) 





,cJ~, Pe:ak Force: = 38i4 N 
3500f- j ~ 









0 0.005 0.01 0.015 om 0.025 0.03 0.035 0.04 0.045 0.05 
Time (sec) 
Figure 7. For:::;e Plot. for Impact on GRP From 0.038: m 
3500---~-----------------





1. 15001- " 
lOooll \~." ", ) ' Contact lilllC = 0.0548 s lO0il .. 
ool-I --~0.0""1---;0'"'.02;;-----"0"'.03,------,,O."'04,----,;-0.05:;;-"==~0"'.06 
Timc (sec) 







Conta~t Time'" O.OSiO s 
-5000;-. -----;;cO.O"l---,O".O;;-Z ---;;0"'.03;------;;O.",,;-----;;O."'05,------OCO.06 
Time (sec) 
Figure 9. Force !?lot for Impact on GR!? From O. 0508 rn 
~ooo---------------------




Contact Time "" 0.0706 ~ 
0.02 0.03 0.04 
Time (sec) 
0.05 0.06 0.07 0.08 
Figure 10. Force Plot for Impact on Titanium From 0.0508 m 
26 








F=-g'L'," 11. Force Plot3 for I:T.:;,ac':;.s -
~ccc- _,,-------~ 
Time (se~) 
:'. )2,,4 :l; 
?:'gur~ 12. Force Plots for I!Tlpact.s F::-Qm O. 'J508 r:l 
27 
The strain response caused by impact behaves in a s'.nilar 
Figures 13 and 14 are the strain respor.ses fr-om 
impacts from 0.0254 m (1 in.1 on the GRP and titanlum sides, 
respectively. Once again, the r-elatively smooth traces 
i:ldicate t:"1at no damage has occurred in the sample. Figu:c-es 
13 and 16 are the str-ain signa:"s for impacts from 0.0381 m 
(1.5 in.) on the GRP and ti.::anium facesheets, r-espective:"y. 
The sudden c:!ia:lge in the strain response represents the po::.nt 
at which damage occurred within the composite. By noting 
'Nhich strain gages showed the rapid changes, it. is easy to 
determine at what location damage in the core has occurred. 
For example, on Figur-e 15 gage locations 2 and 6 are Ll.e sites 
of core damage. The strain responses for drop heights 0:: 
0.0508 m (2 in.1 are, likewise, similar. Figures 17 and 18 
r,:"present impacts on the GRP and titanium sides for these drop 
heights, respectively. 
Using the values calculated for displacement of the sample 
during contact with the impactor, force versus displacement 
plots can be generated. Figures 19 and 20 are representative 
of the outputs produced impacts from a drop height of 0.0254 
m (1 in.1 and a drop height of 0.0508 m (2 in.) on the GRP 
side, respectively. From the force-displacement plot for each 
impact test a simple trapezoidal rule algor-ithm was employed 
to integrate area under the hysterisis curve produced. This 
calculated value represents the amount of work done on the 
sample by the impactor during impact. As indicated in Table 
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II, the amount of energy imparted to each composite increases 
as the drop height increases. Examination of the energy 
amounts for drops from 0.0254 m (1 in.) an bath the GRP and 
titanium sides indicates an approximate value of 11 J (lOO lb-
in) is close to the maximum amount of energy which can be 
imparted to the composite without damage occurring. The 
energy amount associated with a 0.0254 m {l in.l impact 
appears to be a threshold value. Once this energy level is 
exceeded damage in the core is initiated and begins to 
propagate. By subtracting the threshold energy of 11 Joules 
from the area of the plot in which damage does occur, one may 
determine the amount of energy used in deforming the core. 
The appendix contains complete outputs of all plots 
generated for each impact test performed during this study. 
For each test performed graphical plots corresponding to 
force-time, velocity-time, displacement-time and force-
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B. STATIC LOADING RESULTS 
The static loading tests were three point bending tests 
with :.he load applied in increments. During each test the MIS 
machine was used to determine t.he force applied and t::t8 
displacement of the beam under load. As a :::"esult, a force-
displacement plot was produced. The load was applied in 
approximately 222.4 N (50.0 lbf.) increments. At each load 
level strain gage outputs, amount of !"orce and sample 
def=-ection readings were recorded. Tables III and IV 9rovide 
average values for specimen strain and deflection responses 
for the three point bending tests conducted. 
Each static loading test was carried out un:.il the 
composite failed due t? core damage. The peak force achieved 
during each test corresponded to failure of the sample due to 
rapid deformation. The most readily noticeable difference 
between the composite responses for dynamic and static 
loadings is that the force levels required to cause core 
damage for the static tests is approximately 444.8 N 1100 
lbf.) or approximately 11% less than those for the dynamic 
tests. Additionally. statically loaded samples failed 
symmetrically in two locations. at each quarter point, instead 
of a single location. More detailed analysis and comparison 
sample responses will be considered in the Discussion and 
Summary section of this paper. 
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TABLE III. AVERAGE RESPONSE FOR STATIC LOADING ON GRP SIDE 
Force Strain Gage Readings (micros train) 
(N) n2 n3 n4 n5 n, 
4'3 -158 -186 30 271 28 
903 -329 -368 'A 534 57 
1343 -493 -551 92 802 86 
1784 -659 -735 125 1084 120 
2006 -745 -832 140 1234 134 
2211 -816 -922 157 1386 157 
2438 -902 -1031 180 1568 174 
2647 -971 -1136 205 1775 196 
287S* -1120 -1306 263 2005 228 
307S'" -1125 -1328 565 2333 248 
* F~ilure has occurred_ 
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TAB.:..cE IV. AVERAGE !<.ESPONSE FOrt STATIC LOAD:NG eN 
':'ITANr~~ SILIE 
S:;::::a~n Gage Readi::1gs (m::'c::::ostr-ain', 
" 
#2 ,C #? 
,01) 402 214 
9.39 -110 985 51J 
1444 745 261 
1944 
-35 -262 ~120 
2237 -39 -310 2430 1255 4:8 
2442 - 33 - 369 2672 1406 445 
2660 - 23 - 449 2922 1'066 
2891 * -566 3225 528 
3149 29 -724 3560 2003 602 
* Failure has occurred. 
Due to the symmetric response of the composite beam, 
only half the strain gage readings are listed in the 
above table. Figure 21 illustrates the strair. gage 
placement for these static loading tests. 
" 
= = = = 
= = = 
6 
Figure 2l. Strain Gage Placement far Static Loading on 
Titanium Side 
37 
C. COMPRESSIVE LOADING FAILURE TESTS 
After each sample was e:..:::her iF.lpacted or s:::at:..cally 
lca::ied, :r.e composi te was placed in the comprcssl ve tedt 
t:..xcure a"d a:l. aX1al ccmpresslve :cad was applied. ':::'he ::'oad 
appl :..ej i:1 7.224 N Ib!" or SIr.a:2.1",r 1r.c.::e:re:lt3 ur.' 
Aga1n, the mode 0: failure 
~:::1:l1.p1n':l / sr.eci.r. 
::'e:l.gth and deflec:::io!l of 
sal:'ple mecl.sur",rler.t:.s were re::orded. Ta':Jle V provides a Sclmr:lary 
:::he resl..lt5 of t.""!e co:npressive loading :::e5:'5. 
Fr:Jn :::b", :.est results 1t is apparent :::hat as ::r.e level ::Jf 
force inpar::ed to the composi~e ll"'.creases, the o.Xl3._ 
cumpressive :a1lure ::'oad decreases. Figure 22 graph1cally 
U.::'ustrates there exists a threshold value. When an impact 
[or::e exc";,,,ds .he threshold value, ::'t results :..n a sig:l.i:_c:ar::L 
reduct10n in load carrying capability under c8r:lpressior .. 
'hresl~old value corresponds the force level requu:-ed ::0 
init1ate core damage ~n the composite. As the amcunt of force 
con::inues to ~:1CreaSe and damage in ':.he core becomes bigger, 
tn'? compressive failure load decreases further. A compressive 
:a.ilure test was also conducted or. a sample which, after 
repeated impact and compressive loadings, had severe damage 10 
the core and had suffered delamination between the GRP and 
core on one end. The failure load for this sample was found 
to 6672 N (1500 Ibf.). This value c::lUld be considered to 
38 
represent the minimum compressive load carrying capability of 
the samples even after catastrophic damage has occurred. 
TABLE V. COMPRESSIVE LOADING TEST RESULTS 
Peak Impact Energy compressive 
Force Side Absorbed Failure Load 
(N) (J) (N) 
2860 GRP 5.89 43370 
3132 Ti 4.41 43370 
3545 Ti 10.96 43370 
3825 GRP 10.17 43370 
3496 Ti 19.81 15035 
3874 GRP 21. 58 21351 
3514 Ti 30.52 10676 
3950 GRP 31.20 14590 
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V. DISCUSSION 
It was originally assumed that many of the observed 
responses of the unbalanced sandwich composite samples could 
have been predicted using intuition and modeling the specimen 
using the beam theory. Several experimental results, however, 
proved to be different than expected. This underscores the 
importance of performing experimental tests in order to 
understand the complex responses with a structure such as an 
unbalanced sandwich composite. 
A. TRANSVERSE LOADING RESPONSE 
Tables VI and VII provide a listing of the average force 
and strain response outputs for different impacts from 0.0254 
m (1 in.) to 0.0508 m (2 in.) on the GRP and titanium 
facesheets, respectively. From statics, the resultant moment 
at the center of a simply supported beam is twice the moment 
at the quarter point. For the linear elastic deformation, the 
strain is proportional to bending moment. Neglecting the 
effect of transverse .shear deformation, it is expected the 
strain to be two times greater at the center than the quarter 
point. Due to positioning of the samples on the support 
device, the configuration actually had an overhang of 
approximately 0.0127 m (0.5 in.) on each end of the beam. 
considering this, it would be expected for the moment, and 
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therefore, strain to be a factor of 2.2 times greater at the 
center than at the quarter point, neglecting the transverse 
shear effect. The data in Tables VI and VII indicates for 
impacts on the GRP side the strain at the center is almost 9.5 
times greater than at the quarter point, and for ti tanium 
impacts it is approximately 3.4 times greater. Correcting for 
the effect of core shear deformation can account for some 
deviation from expected values, however, increases in ratios 
by a factor of 9.5 were not expected and are highly unusual. 
Analysis of strain gage readings and videotape recordings 
of the impact tests and of the static loading tests, shows 
that the radius of curvature of the beam is quite different 
from that expected. A much greater amount of curvature takes 
place in the local vicinity of the point of load application. 
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TABLE VI. AVERAGE STRAIN VALUES FOR GRP SIDE IMPACT 
Force Strain Gage Readings (rnicrostr3 
(N) #2 #3 #4 #5 #6 
427 -5.2 -5.6 -14.6 275 -2.0 II 
694 -274 -264 48 546 78 
1059 -461 -417 73 735 86 I 
1463 -620 -630 103 962 117 
2122 -774 -798 129 1240 167 
2424 -986 -986 163 1472 19> 
2882 -1074 -1083 187 1715 216 
3176 -1154 -1154 195 1854 239 
3358 -1247 -1245 220 2007 261 
3656 -1329 -1287 223 2192 297 
3825 -1387 -1431 215 2407 362 
TABLE VII. AVERAGE STRAIN VALUES FOR TITANIUM SIDE IMPACT 
Force Strain Gage Readings (microstrain) 
IN) #2 #3 #4 #5 #6 
512 25 21 222 617 169 
943 - 61 -69 357 B26 393 
1085 -127 -85 432 1484 515 
1268 -115 -127 534 1737 532 
1561 -129 -B7 657 2187 610 
1748 -209 -193 734 2371 696 
1979 -167 -199 791 2689 
2197 -209 -224 925 3088 869 
2411 -213 -247 949 3230 931 
2673 -244 -274 1047 3550 1055 
2860 -210 -275 1155 3881 1069 
3136 -271 - 324 1289 4218 1239 
3323 -323 -372 1424 4539 1364 
3407 -340 -399 1478 4675 1403 
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t>.nother important deviation from the classical beam theory 
for the unbalanced sandwich composite, as compared with a 
monolith material, is the shear deformation of the core 
material. If the beam is considered to be made of steel or 
aluminum, the presence of a shear stress of approximately 1.1 
Mpa (160 psi) would result in negligible shear deformation for 
the monolith material with a large shear modulus. However, 
the composite core (HRH~10) in this study has a shear modulus 
of only 1 Mpa (140 psi). Clearly, the effect of shear 
deformation in the composite cannot be neglected and 
contributes significantly to the response of the beam. 
When the samples were subjected to static transverse 
loads, the results in the strain responses were not markedly 
different from the impact results. For the samples which were 
statically loaded on the GRP side the strain gage arrangemer.ts 
were exactly the same as for the GRP impact tests. Or.ce 
again, the ratio of strains at the mid-point and quarter 
points should have been 2.2 based on the actual configuration 
of the tests, neglecting the shear deformation. As can be 
s~en in Table VIII, the actual strain ratio is approximately 
8.6. 
When the loading was applied to the titanium side the 
strain gage arrangement was modified in order to provide a 
more detailed picture of the strain response of the beam. Ir. 
this case strain gages .were placed at the one-third, two-third 
and center points of the spec~men. The beam still had a 
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0.0127 m (0.5 in.) overhang on each end. Based on the 
classical theory the ratios of strains between the one-third 
and middle points should be 3.67, between the two-third and 
middle points should be 1.57 and between the one-third and two 
third points should be 2.33. Experimental results listed in 
Table IX show these ratios to be approximately 5.1, 1.85 and 
2.85, respectively. Due to the symmetric bending of the 
composite beam under static load, up to failure of the core, 
the strain gage readings on one side are reported in Table IX. 
While these ratios are certainly closer to the classical 
theory values, a discrepancy which cannot necessarily be 
attributed to experimental errors still exists. In both cases 
when the samples are either dynamically or statically loaded 
on the titanium side, the deviations from beam bending theory 
are smaller. When loading is applied to the GRP side, 
however, the ratios significantly vary . 
. , 
TABLE VIII. AVERAGE RESPONSE FOR GRP STATIC LOADING 
Force Deflection Strain Gage Readings (microstrain) 
(N) (m) #2 #3 #4 #5 #6 
463 0.0006 -158 -186 30 271 28 
903 0.0012 - 329 -368 60 534 57 
1343 0.0019 -493 -551 92 802 86 
1784 0.0025 -659 -735 125 1084 120 
2006 0.0029 -745 -832 140 1234 134 
2211 0.0033 -816 -922 157 13'86 157 
2438 0.0039 -902 -1031 180 1568 174 
2647 0.0044 -971 -1136 205 1775 196 
2878 0.0054 -1120 -U06 263 2005 228 
3078 0.0064 -1125 -1328 565 2333 248 
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TABLE IX. AVERAGE RESPONSE FOR TITANIUM STATIC LOADING 
Force Deflection Strain Gage Readings (microstrainl 
IN) 1m) 
" 
'2 '7 #8 #9 
400 0.0005 -6 -44 40' 214 79 
939 0.0012 -19 -110 9.5 510 182 
1366 0.0018 -28 -165 1444 745 261 
1815 0.0025 -36 -228 1944 1011 345 
2006 0.0028 -39 -262 2168 1120 375 
2237 0.0032 -39 -310 2430 1265 419 
2442 0.0036 -33 -369 2672 1406 449 
2660 0.0042 ·23 -449 2922 1566 4.2 
2891 0.0049 -566 3225 1765 52' 
3149 0.0060 29 -724 3560 2003 602 
In order to more fully understand the mechanics of these 
strain responses, a four point bending test was performed. 
For this four point bending test the load was applied to both 
the GRP and titanium sides at the quarter points or 0.0762 m 
(3 in. j from each end. The composite was placed on the simple 
support fixture with the same 0.0127 m (0.5 in.) overhang and 
instrumented with ten strain gages placed (five on each 
facesheetj at 0 0254 rri (l in.) increments along the length of 
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the beam. The location where the load was applied was lef': 
vacant. Due to the synmletric response of the sample for 
static loads only one half of the composite was instrumented. 
Strain gage placement· is shown in Figure 23. 1:1 t:!l.e four 
point bendi.ng test t:!l.e moment in the section between the 
applied loads is cor.stant and the shear is zero. Since tr.ere 
is no transverse shear force and a constant bending moment in 
t:l.e ceneer section, it would be expected for all the strains 
:n t:!l.::.s region to be the same for a given load. Strain 
amoum:s for t:l.e gages cn the GRP facesheet remai:1ed almost 
St:::-a.':'n a.mounts on the titanium iacesheet, howeve:::.-
varied by amounts 1.;p to 100% for r:lost loads.. ':'he reason f8r 
t:l.is dev:'ation is ' .. lI'.clear .. 
:0 
Figure 23.. Strain Gage Locations for Four-Point Bending 
" 
?igure 24. 3e3.r:\ 88:1.d::'1.g S:la;;:es 
?:"gU::-2 24 il:".lstra::es ::1-.e shape result:":-.>:; :::-orr. ;:;oth ::;'.I"2e 
;)c:"n:: al'.d :our ;;;o::'nc :!.oac.icg :est3. :0-::: eath cases :"t :"3 
C:2a~ ;:::-OD observat::.ol"'.s made ju::::ir.g ::l".e test.::; a::1d ",1:"".2:-, 
t:""\,';.>O:::-'/. St:::-ain gage ::-ea1::.r.gs ::):r the l:)cation G .,:254 ill 
ErOr:"! t:ce er.d actc:.al::'y shew tOD facesr.eet to be i.n 
50 
tension and the bottom facesheet to be in compression instead 
of the opposite states expected from classical beam bending 
theory. It can be argued that the samples used in this study 
are actually "short" beams and therefore classical beam theory 
does not strictly apply. While to a limited extent this may 
be correct, there is clearly more physics involved than can be 
explained away by the "short" beam effect. In order to gain 
a more complete understanding of the mechanisms at work in 
this and similar unbalanced sandwich composi tes, more research 
needs to be done using different sample geometries and support 
configurations. 
Other interesting points discovered from the experimental 
data comes by comparing the force, strain and deflection at 
the center of the beam responses for the various loading 
configurations. Even though transversely applied failure 
loads can vary depending on which side is impacted or whether 
or not the load is dynamically or statically transmitted, 
there are many similarities up to the failure point for each 
Figures 25 and 26 show the force transducer outputs for 
impacts from 0.0254 m (1 in.) and 0.0508 rn (2 in.), 
respectively, on the GRP and titanium facesheets. Up to the 
point of failure the force traces practically coincide with 
one another. 
Table X lists the average center deflections for impact 
loadings on both the GRP and titanium facesheets. Average 
center deflectians for static tests are included in Tables 
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VIII and IX. Figure 27 shows that the average deflections of 
the center of the be~ do not vary significantly, up to the 
failure, when the beam is loaded either by impact or 
statically. The deflection traces, again, nearly coincide 
with one another (only vary by approximately 1 mm (0.04 in.)) 
up to the failure load. Once failure has occurred in the 
core, however, the static loading deflections increase 
significantly compared to the impact tests. This is because 
static loading causes core damage at both ends and impact 
loading only cause damage at one location. 
One composite response parameter, however, appears to be 
independent of the manner in which the sample was loaded. 
Examination of the data for impacts on both the GRP and 
titanium sides, as well as, static loadings on both sides 
reveals that failure in the core always occurs near the 
quarter length points. Additionally, the magnitudes of the 
strains in the facesheets at the failure poin':" are fairly 
constant. Figures 28 and 29 show n.? strains at the failure 
point for impacts from 0.0508 m (2 in.) for the GRP and 
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Figure 26. Impacts on GRP and Ticanium Sides from 0.0508 m 
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TABLE X. AVERAGE CENTER DEFLBCTIONS FOR IMPACT LOADING 
Force GRP Side Titanium Side 
(N) (m) (m) 
445 0.0007 0.0008 
890 0.0015 0.0013 
B35 0.0022 0.0020 
1780 0.0026 0.0029 
2225 0.0033 0.0041 
2670 0.0037 0.0045 
2893 0.0043 0.0051 
3115 0.0046 0.0055 
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Figu~e 29. St.rains at. Failure Point (Ti Gages) 
From t.he dat.a it. appears t.hat. when t.he st::-ain magnitudes 
near the quarter point on the beam simu~taneously reach 
approximately 1500 mic=ostrain for the GRP facesheets and 
approximately 250 microstrain for the titanium facesheets, 
failure in the core occurs. This failure always occurs near 
the beam's quarter length point. Exam:'nation of che beam 
under load reveals that the g=eatest amount of change i:l. 
curvature occurs in this region. Incui::.ively, this indicates 
that the shear should also be greatest in this vicinity. The 
large amount of shear stress in the cere results in failure at 
the quarter points. 
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It was a::'so observed that failuI"e foc:- impacted samples 
occurred at one location, but the statically loaded samples 
:ailed at: two locations. These tWO locations were at each end 
l .. ea:::- the quarter points. Similar to a monolith rr.dte;'rial, 
fai::"xl:-e :'-nit:'-ates at an internal point of discontin'Jity 0:::· 
weCikness Once damage is initiated, increasing th" amount of 
absorbed energy due;' :::0 loading ca-clses ::he damage to propagate 
L"1roughout ::he local vicinity until the structurC' is 
sc.fflc1ently weakened so that failure on a global scale of 
c:)mpone;'nt cccurs. This type of failure mechanism ':s a 
:1ejJe:1den::: :naction. In tr.e impacted specimens, failure 
only at one end. Gr.ce failure occc:.rreu at 
;ocatlOr. t~"1e def::JrmaL:"cn in that regio::1 rapid1y :"ncreased 
the core lost sti:fness. The massive detormation in thi.s ::Joe 
regio:l sufficiently precluded failure at a:1other locat:oc 
:1'..1ri::1g tl"",e extremely sho:::-t time interval cf tile irrpact .. 
When composites wer!::' statically loa:l.ed, ho' .. 'eve:::, ble 
lGadiIlg process to::Jk a rr.licl: longer time to corrplete. In this 
tIle force level was built up incrE'mcn":iJ.lly a:ld 
:;;ufficient ":ime was available for damage to occ\:r o.nd 
propagate at more than one location. AI.:_ statically loaded 
samples were damaged by core crirr.ping/shea:- at. two location:;;. 
'::'his ~i:l\e dependent behavior may also be the reason tl"".8 
rr,agnitude of force required f:Jr failure in the static loading 
case is approximately 444 8 N (100 Ibf.) less than the failure 
load in the impact tests. 
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B. COMPRESSIVE STRENGTH AFTER IMPACT 
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energy parameter which can be easily determined from the data 
is the change in kinetic energy of the impactor. By using the 
relation: 
where vi is the impactor velocity immediately prior to impact 
and vf is the rebound yelocity of the impactor, the change in 
kinetic energy occurring during the impact can be determined. 
Table XI lists the peak forces, momentum, energy 
imparted, change in kinetic energy values and the resulting 
compressive failure strengths for each impact test. Note that 
although the peak forces generated for the same drop heights 
vary by at least 444.8 N (lOa lbf.), the energy amounts and 
momentum values vary by less than lOt. For this reason, the 
energy levels and momentum are the principal indicators which 
need to be considered. Figures 30, 31 and 32 graphically 
illustrate the residual compressive strength relationships 
between energy imparted, change in kinetic energy and change 
in momentum, respectively. Based on deviations for each side 
impacted, momentum values appear to be the 
indicators. 
consistent 
A comparison of energy imparted ratios and compressive 
failure load ratios (using the drop height figures from 0.0254 
m (1 in.) in the denominator each time) suggests some type of 
one-to-one correlation for the GRP impacts. The energy ratios 
5. 
for drops from 0.0381 m (1.5 in.) and 0.0508 m (2 in.l are 
2.12 and 3.07, respectively. The corresponding compressive 
fa:'lure load ratios are 2.03 and 2.97, re:spectively. 
Unfortunately, when the same ratios are compared for the 
titanium impacts a good correlation is not readily apparent. 
The energy ratios are 1.8 and 2.78, respectively, while the 
compressive failure load ratios are 2. as and 4.06, 
respectively. It is clear that in order to develop a more 
definitive quantitative relation, further experiments need to 
be performed. With more data available, a more reliable 
cor::oelation between energy levels and the resulting reduction 
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TABLE XI. COMPRESSIVE STRENTGH TESTS 
Peak Impact Energy Kinet':: Momentum Compres-
Force Side Imparted Energy Change sive 
(NI (JI Change (N-s) Failure 
(JI Load INI 
2860 GRP 5.89 4.36 66.06 43370 
3132 Ti 4.41 3.41 66.80 43370 
3545 Ti 10 96 9.53 83 39 43370 
3825 GRP 10 17 8.80 83 48 43370 
3496 Ti 19 81 18.10 98.22 15035 
3874 GRP 21. 58 19.20 91.22 21351 
3514 Ti 30.52 27.20 106.83 10676 
3950 GRP 31.20 27.0 99.85 14590 
3608 GRP 65.0 56.23 143.31 9341 
It is noted that the same mode of failure which 
occurred in Murphy's study [Ref 1] of undamaged composites, 
also took place in the damaged samples in this study. In each 
case core crimping occurred at a region near the end, the 
sample would then rapidly deform, creating a "S" bend shape In 
the vicinity of the core crimping. Failure in each sample 
would, of course, occur in the same region which crimped 
62 
during inpact or s::at:"c loa:iing. Table XII provides dat'3- for 
each of the statica:"ly leaded samples and the corresponding 
compressive fai2.ure loads. 
From the data :""e. appears that the case ,of static 
loo.d:"ng, the resc:.l:::ing cempressive failure load:"s hldependect 
of the side leaded. It sho'Jld be noted t':1at tr-.e compressive 
I:Oiilure load tor the secend GRP side loaded sample was lower. 
In t':1is case, once failure occurred at 3292 N (740 It.::.) the 
lcadl:lg rate o~ the MTS nachine was iLcreascd in order to 
:-:a',1se more damage in t.he core and dctc:r.m!..n€ if the load 
nagnit_lJd .. f:Quld be furtl:er increased. The satl1ple resp0nd,=d by 
:"rccIeasiLg its deformation rate so ::hat the 3292 N :"eve:" was 
exceedec. ~his d!..d resu:"t, though, in more core dClm3ge 
wl'.ic.'l led tc a reduced cempressive l:::lad c.;o.Fo.b!..lity 
"ipprox::'f:'Lacely 889(, N (2eOO Ibf""' 
COMPRESSIV<:; FAILUR<:; LOADS FOR STATIC LOAD 
Side Compressive Failure 
Loaded LQad (N) 
3292 
3292 GRP 17793 
3403 Ti 27490 
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VI. CONCLUSIONS 
The response of an unbalanced sandwich composite subjected 
either low-velocity impact or static transverse ::'oads is 
complex. ':'he resu:'ts discovered during the experirr.enta:' 
portion of this study underscores the requireme~lt; tor 
performing numerous tests it". order to be able to accc.rately 
'..;nderstar.d how the composite behaves. Ofter. times it IN,S 
fOU!:lC that ur-expected responses occurred for :=he vario·us 
load:":1g c::>:lfigurations. More tests are stil:' required to be 
better able to understand and predict the mec~'1anisms il'.volverl. 
the behavior of these unbalanced saedwi ch compos ite;-. 




bendil'.9 theory cannot be applied "::0 Dodel 
forces in the core car.not be neg:l.e::ted 
effects on ::.he facesheet "tr·Cl.in 
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• Failure occurs at the quarter points of the beam. Failure 
occurs at one location for impact loads and at both 
quarter points for static loads . 
• Onset of core damage occurs at the same magnitude of 
strain, approximately 300 microstrains for titanium and 
1500 microstrains for GRP, regardless of type of loading 
or side loaded. This indicates failure occurs, as 
expected, at the same stress levels and can, therefore, be 
used as a good failure criteria. 
As stated previously more research needs to be focused on 
the behavior of this unbalanced sandwich composite and other 
similar composite. It will be important to perform tests on 
samples involving different geometries and support 
configurations. With the gathering of more data, more 
accurate predictions concerning structural responses due to 
low-velocity impact and compressive loads can be made. 
Additional data will also enable verification of any finite 
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Force vs Time (0.0127 m drop on Timnlum side) 
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